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The NH3; Mass Accommodation Coefficient for Uptake onto Sulfuric Acid Solutions
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The uptake of NH onto particles with diameters 6100 nm composed of sulfuric acid and water was
studied in a laminar flow reactor. The gas-phase loss of Waks monitored with a chemical ionization mass
spectrometer. Temperature ranged from 287 to 296.5 K. The mass accommodation coeffiei@stfound

to be close to unity for NEluptake onto the surface of %5 wt % H.SO, solutions. The finding thai does

not depend on composition over this range of acid content is at odds with recently published work on the
same subject where the measuredsMidiss accommodation coefficient was observed to decrease from unity
on 70 wt % HSQO, to 0.3@0.05) on 20 wt % HSO,. Possible reasons for this discrepancy and consequent
implications for results from that experimental technique will be discussed. A value of unityifalicates

that the neutralization of sulfuric acid particles by atmospheric ammonia will be efficient.

Introduction N,/ NH;

4_.
N/HPO

+ particles

Ammonia plays an important role in the formation and growth |
of atmospheric particles. For example, recent measurements of d 5_
particle nucleatiohand NH—H,SO; clusteré have demon-
strated the important role that NH/apor can have in the Flow
formation of new particle$* Also, the uptake of ammonia by Reactor
sulfuric acid and nitric acid particles leads to their neutralization
and stabilization; uptake of ambient ammonia onto particles is
commonly inferred from observations of neutralized particles
in the atmosphere®
The mass accommodation coefficient of Nekescribes the
efficiency of uptake of ammonia onto water and sulfuric acid
solutions. This process is a classic topic in the study of
atmospheric heterogeneous chemistry and it has been the subject
of laboratory studies over the course-o40 years.~13 Results thermostated
from these experiments yield values of the mass accommodation  aluminum plate é V

7

thermostated
| liquid

“
=N

coefficient for NH; that range fron~0.1 up to unity.

We have recently performed experiments on the uptake of Differentially pumped MS -

NHs onto dilute sulfuric acid solutions by observing the gas- 241 F

phase loss of Nkiin the presence of 100 nm diameter droplets. Am H 1] |
Gas-phase Niiwas detected with a chemical ionization mass % quadrupole CEM/ ||
spectrometer (CIMS) and particle size distributions were Jon drif region \_‘ preamp: J
monitored with a differential mobility analyzer. Sulfuric acid \ =] =
content ranged from 1565 wt % and temperature was 287 MS inlet region é ’ “ “ "
296.5 K.

Experiment \]

The uptake of gas-phase MHnNto sulfuric acid particles was
studied in a vertically aligned laminar flow reactor (i.d. of 5.17 to Particle counter
cm and length of 120 cm) operated at atmospheric pressure  DMA, Dew Pt. sensor

(~610 Torr). A schematic drawing of the apparatus is shown Figure 1. Schematic drawing of the vertical flow reactor, injector,

in Figure 1. The experimental procedure is much the same asang NH, detector. The direction of the flow is in the direction of the
described by Lovejoy and Hansdrand Mozurkewich et &l acceleration due to gravity.

in experiments on the reaction of,8s with sulfuric acid

particles. Chemical ionization mass spectrometry was used to Reactant N was introduced through a moveable injector
detect gas-phase NHnd a differential mobility analyzer and and particles were introduced with the main flow. TheNitet
condensation nucleus counters were used to obtain the aerosct the end of the injector consisted of a 0.7 cm Teflon plug that

size distribution and number density. had 8 holes{1 mm diameter) in its perimeter through which
the N/NH3 gas entered the flow reactor. A jacket for circulating
* Corresponding author. cooling fluid (water,T = 287—296 K) surrounded all bu+10
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cm of the reactor near its ends. The end at the exit was wrappedong static dissipative Teflon cylinder. These lenses were held
with flexible tubing containing the cooling fluid. A 1.2 cm thick  at the same potential: applying an electric field between them
aluminum plate with a4 cm i.d. hole in it was placed between significantly increased the total ion signal but increased even
the flow reactor and the detector flange. This plate was more the background ammonium ion signal (see below). Dry
temperature regulated by circulating coolant through two 1/4- N, was flowed through the source at 40 sccm. The ions were
in. i.d. holes along its length. Experiments performed below brought through the transverse neutral flow in the drift region
room temperature without thermoregulation of this plate were by applying an electric field of~1100 V/cm (a potential
affected by gas that had warmed on contact with it. The plate difference of~3 kV over the 2.7 cm distance between the exit
served to provide thermoregulation of the gas in the flow reactor of the source and the inlet of the MS). The inlet to the MS
all the way to its end. The gas exiting the flow reactor through consisted of an inlet plate with a hole ofL mm diameter, an
the aluminum plate traveled a distance of about 10 cm to the ion-drying region of~0.5 cm in length that the ions enter in
ionization region of the detector. opposition to a flow of dry M of ~30 sccm, and the inlet to

Total flow rate of N (taken from the gas over liquid nitrogen, ~ the vacuum system (orifice diameter of afn). An electric
US Welding) was 2.6 to 3.3 sLpm (STP, 273 K and 1 atm, L field of ~1100 V/cm in this region carried the ions to thé&0
min~1). The average linear flow velocityae was 3 cm st um orifice to the MS whereupon the ions were mass selected
resulting in a Reynold’s numb&; of ~80. The entrance length, ~ and detected _
the distance required for velocities to attain 95% of the laminar Ammonia was detected using proton transfer froOH
flow velocity profile from an initial plug flow profilelf is given proton clusters:
by 0.1Rea wherea is the radius of the flow tube; it is 15 cm. " n
This indicates that a laminar flow profile was established before NH; + H30"(H,0), = NH, (H,0);, + (n— m+ 1)H201
the kinetics were measured (measurements were not performed @
in the top 60 cm of the flow tube). See Appendix C for further The chemical ionization mass spectrometer (CIMS8)as set
jUStiﬁcation of the aSSUmptionS of a laminar flow profile (aISO up for Operation at ambient pressuredlo Torr) resumng ina
for the case where the gas flow was cooled to 287 K). The relatively weakE/N of ~ 5 Td (1 Td= 1 V/cm per 107
mixing time (the characteristic time to establish the diffusive  molecule cm?3). The calculated water proton cluster distribution
profile of NHg) is given bya%5Dg whereDy is the gas-phase peaks nean = 5 to 7 depending on p}.18 In eq 1, the precise
diffusion coefficient}ﬁ this time is~5 s. In general, therEfore, values ofm for a givenn are not known. Viggiano et ab
[NHs] was measured at distances between the detection regionmeasured a reaction rate coefficiéatfor eq 1 of 2x 1079

and the point of injection that were greater than (5s)3 cm cme st and reported thadt, was not dependent anup ton =
s 1) =15cm. 8.

NH3 was taken from a dilute (27 parts per million by volume, The ion—molecule reaction time in the drift region for an
ppmv) mixture in N. A small flow of this mixture (typically ion with drift velocity v4 (equal to its mobilityu times the

1.5 sccm, STP cfmin~1) was diluted and resulted in a flow  electric field) is given by

of ~ 15 sccm N containing~ 0.4 ppmv NH flowing through

the injector. Further dilution of this flow by the main flow tion = 2.7y = 2.7/(u1100) 2)
resulted in average [N in the flow reactor that was typically

2 ppbv (parts per billion by volume), which is a number density The mobility of an ion depends on its size and thus at first glance

of ~4 x 101 cm-3. The initial NH; mixing ratio for the mass tion might be thought to depend on the number of water ligands
. e .
accommodation coefficient measurements was varied over the® O™ In the current situation, however, the cIuEters are in
range of -3 ppbv. It was as high as 12 ppbv in some _rapld equn!bnum (Ilfet_|_me_ for decomposition of 4 (H20)4
experiments designed to test the effect of high jNH is ~5 us using the equilibrium constant at 308%and assuming
Water vanor was entrained in a flow ofMv passing dr a forward rate constant of & cm? s™1; the larger clusters are
N, over Ii\(;uFi)d an\{ter that \;vas glently hvgatezd. )'/I'kl?e Iic:u% w)::\ter even Ies_,s stable) such Fh{:\t they drift at an overall rate that is a
contained~0.5 wt % HSO, to suppress the elution of potential g? amnggf(ljt?nggilti?e (rSn_I(_)Ft));hg? 3 Z?Tr(\;hs,flucslgir:'t :\:ﬁ a? zfl:rr]r;e a
contaminant NH. The dew point of the flow reactor effluent n = 3ion20 whic¥1 results in a value cht'z of 2.7 cn? (V )1
\évﬁrsnén;m&ci};g? d V&tgss)naﬁg??{rﬁgg szgvs,epdmtnr:réngﬂltgrl-fggﬁ at 610 Torr and 295 K. Thus the ion drift time is about 0.9 ms.
filter. The dew point monitor calibration was checked by Thg concentration of ammonia, [Nffis proportional to the
condensing water vapor on the wall of the reactor that was held quantity
at 290 K. The reported dew point and the wall temperature

agreed to better than 0°Z which results in an uncertainty in ZS{NH4+(H20)m}

the partial pressure of #, pH,O, of +1%. Relative humidity [NHZ OIn|1+ m 3)
was varied from 8 to 91% resulting in particles with sulfuric "

acid content from 65 to 15 wt %3;?*respectively. At composi- ZS{ H30 " (H,0),}

tions of 25 and 50 wt % k504, an uncertainty in pkD of 1% :

results in uncertainties in acid content60.5 and+0.2 wt %, where Sion} are the signals due to the ammonium and
respectively. hydronium ions. The proportionality factor for eq 3 kstfn) *

CIMS and Detection of NHs. The effluent of the flow reactor ~ ~ 6 x 10" cm=3 for k; = 2 x 1079 cm?® s71.1° The distributions
passed through the chemical ionization region that was orienteddetected by the MS changed somewhat with water partial
transverse to the flow. The chemical ionization region (depicted pressure; however, for all conditions, 98% or more of the
in Figure 1) consists of an ion source, drift region2(7 cm clusters HO"(H,O), were contained between= 2 and 6. The
long) and the inlet to the mass spectrometer. The ions were NH4+(H20)ny, ions were distributed over clusters withbetween
generated in an isolated source (0.6 nf¢iAm) and exited it 1 and 5. Note that the measured distributions do not reflect the
via ~1 cm holes in two lenses that were separated by a 0.8 cmdistributions in the ion drift region owing to some drying of
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the ions in the inlet section. The sum of the ammonium cluster generator where a flow 6f80 sccm N was passed over a small
ions was typically a few percent or less of the total ions. Mass- reservoir of hot liquid sulfuric acid~1 g, temperature of 110
dependent sampling, throughput, and detection efficiencies 150 °C); the N + H,SO, vapor was then cooled to room
would affect the accuracy of eq 3. These effects would not temperaturé4 This type of particle generator produces size
significantly affect the results presented here because thedistributions of particles that are well-described by a log-normal
ammonium cluster ions were a small fraction of th&H ions. distributiort* with a peak diameter (typically near100 nm)

A background level of ammonium ions was present that that is controlled by the temperature of the liquidS@,. A
ranged between 0.2 and 0.5% of the total ions that were presentportion (10-50%) of the 80 sccm flow of aerosol was mixed
These ions appeared to be produced within the ion source aswith the ~3 sLpm main flow in a small tee (i.d. 6£0.3 cm)
evidenced by their dependence on the source conditions. Wewhere the main flow made a right-angle turn. In one test, large
did not identify the process but ammonium ions could arise from (~0.25um diameter) patrticles in the flow tube were illuminated
reactions of N or N ions clustering with water molecules (J. by a HeNe lasérand were observed to be uniformly distributed.
deGouw, private communication, 2001). This background was It was concluded that there was good mixing of the small,
observed to depend on the gblin the flow reactor. It was particle-laden flow with the large main flow in the small tee.
approximately 50% higher when p8 was increased to 10 Torr, Particle number densities\,, were measured with two
and at 15 Torr HO it was about a factor of 2 larger than for different condensation nucleus counters (CNC, TSI Inc., St. Paul,
dry conditions. The dependence ogHwas significantly larger MN, model numbers 3020 and 3760). The 3020 was used with
when the flow of dry N through the source was decreased below a dilution of ~20:1 to decrease the number density~af(P
40 sccm suggesting that this background NHKignal may be cm2 in the flow reactor to~5 x 10° cm2 in the 3020. The
related to diffusion of HO into the source. In the data analysis, dilution was accomplished by passing% of the flow required
the background ion signal was subtracted from the signal by the counter (230 sccm) through a small capifagnd the
measured during the kinetics runs to obtain the first-order loss rest of the flow through a HEPA filter. Tests have confirmed
rate coefficient or it was included as a parameter in a weighted that particle loss along the capillary is negligiBfe The

least-squares fitting routine using the function measurements conducted with the higher throughput CNC (TSI
kz 3760) were performed with a dilution of about a factor of 10
f=§xe™+c 4) and were corrected for coincidence (up©0%). The dilution

was accomplished by adding coaxially a dry, particle-free N
whereS is (would be) the signal ratio (lefthand side of eq 3) flow to the particle-laden flow from the reactor. Tests at low
at zero interaction distance, is the first-order loss rate N, confirmed that the dilution arrangement led to negligible
coefficient (cnt?), Z is the injector position, andis the signal particle loss. For measurements taken at a temperafure
ratio due to the background signal. different than~ 296 K, N, was multiplied by the ratio 29%/

A much smaller ammonia background signal eluting from During uptake measurements, the number densities of particles
surfaces (flow reactor wall and/or ion lenses) was noted after in the flow tube,N,, ranged from 4x 10* up to 1.5x 10°
they had been exposed to NHThis increase in the N particle cnr3,
background signal was transient and was seen to diminish in  Particle size distributions were measured with a differential
time periods of an hour or so when exposure tosNkas mobility analyzer (DMA). Particles were charged wittP%r
stopped. A kinetics run was performed by initiating the recording charger (TSI 3077). The Nsheath flow was 5.2 sLpm and it
of the signals when the injector was positioned to give a long was humidified by diverting a portion of this flow through an
exposure to the particles and then moving the injector in H,O reservoir followed by a HEPA filter. In some experiments
increments of 1615 cm toward the ion source. The injector the filter was not used (see Appendix) and thus a background
was then moved in increments back toward its original position [particle] was present in the DMA. The relative humidity of
(~60 cm exposure) while recording the data and it was noted this flow was periodically checked with the dew point monitor
that data at long exposure (injector-to-ion region distances of during the measurements. The liquid water in this reservoir also
40 to 60 cm) was slightly higher at the end of a run than it was contained a small amount of,HO, to decrease potential NH
at the beginning. This increase was typically-@) x 1074 in contamination. An ultrafine condensation particle counter (based
ion ratio which is equivalent to about £ 10° cm~2 of NHg; on the TSI 302523 drawing 0.5 sLpm was used to detect the
the ratio was as high as # 10 for a few measurements. monodisperse aerosol exiting the DMA.
This small increase in background signal is attributed tos NH The log-normal distribution is given by
desorbing from surfaces, especially those near to the detection
region. Because data were recorded for large injector positions dN [{ [|n(D/Dp)]2\ dinD
before and after these surfaces were exposed to high aitd N a 2
this small effect significantly affects the signal for only these N 2lin o] }@In g
data points, this effect is averaged out and is not expected toThe distributions obtained from the DMA were fit to eq 5 and
significantly impact the value of the extracted decay constant the peak of the distributior),, was typically 85 nm (varied

®)

p

K. from 70 to 170 nm) and the width of distribution, tn was
This increase in the background signal is in the range of the 0.28-0.30. As discussed in Appendix A, the surface area of
expected partial pressure of NHONHs, over NHs—H,SOy— the aerosol particles in the flow reactor was corrected for the
H,O solutions that contain roughly equal amounts ofsNtdd known difference in acid content between that in the DMA and
H,SO,. pNH; depends on the Ng+H,SOy ratio and also relative  that in the flow reacto?!24 In the next paragraph we present
humidity. For relative humidities of 50100%, the pNH over the equations for calculating a reactant’s first-order loss rate
a 1-to-1 NB—H,SO, solution ranges from 132to 101! atm onto particles in an aerosol sample that is described by a log-

(0.3-3 x 10° cm3), respectivel\?! Thus, this small increase  normal distribution. A more detailed treatment is presented in
in NH3 background signal could have been due to wall effects. refs 14,26.

Particle Size and Concentration MeasurementsSulfuric Kinetics of Heterogeneous Reactions on Dispersed Par-
acid particles were generated in a condensation-type particleticles. The gas-kinetic collision ratk; of a reactant (of mean
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thermal speed) with particles that have a log-normal distribu- Z (cm)
tion with radiusr, and width Ino and a total number density 006 10 20 30 40 50 60 70
N, is given by ’
(@)
w W ) 5 0.05

k.= ZSA'NP = ZNp4:rrp exp(2(Ino)?) (6) oo ]
where SAis the surface area density in the flow readteIn ii 0,03 |
the present experiment&; ranged from 0.15 to 17$. The =

existence of an efficient loss due to a surface (represented by 0.02 1
y, the gas-surface reaction probability) and gas-phase diffusion
resistance can alter the true collision rate from that given by eq 0.01 A
6. These processes can be taken into account using the Fuchs-

Sutugin expressioff. For a particle of radius, the first-order 0.00
loss rateky for a species with an uptake coefficienis given
by?25.26 01{ ®
A\\

K k(1 + 72 DA 0.75+ 0.28%, Tmal

=7 vA) AN =— & Tl

Kn(l + Kn) g 001 4 .\;O\ T~
Doy = NN
" oor E \\:‘Kb\

where K, is the Knudsen number, aridy is the gas-phase 0.001 + \'\\\\\0\
diffusion coefficient for the reactant (¢s1). This expression AN
can be applied to a dispersed aerosol sample by integrating it AN °
over the particle size distributid:?® If the particle size e
distribution is log-normal, there is an alternate analysis proce- 0.0001 o o o o A A i
dure. The so-called “surface-area weighted radiy¢the ratio Z (cm)

of the third moment of the distribution to the second moment g re 2. Signal due to NH (a, linear scale; b, logarithmic scale with

of the distribution) is substituted farin the expression for the  packground signal subtracted) plotted versus injector position lo#s
Knudsen number. to the wall at 295 K in the absence of particles is shown as triangles.
Shown as circles and squares is thegNifjnal in the presence of 52

— o — Dg and 22 wt % HSQ, particles, respectively. Experimental conditions
rs=ryexp(2.5(Ino)?), K,=-— and log-normal parameter (vt %: {pH.0, T, N,, Dy, log ¢}) for the
wrlg two experiments are 52 wt %£5.8 Torr, 295 K, 6.6x 10* cm 3, 85
nm, 0.12% and 22 wt %:{11.5 Torr, 289 K, 5.9« 10*cm3, 118 nm,
_ 075+ 0.28%K, 0.133.
A(rs) = (8) . — .
K,(1+K,) given bya?D,. Fora ~ 100 nm andD; ~ 1076 cn? s71, this

time is~104s.

For the particle distributions here (tn~ 0.3 andr, < 90 nm)
this alternate analysis procedure is accurate to better than 194Results and Analysis
in comparison to numerical solutions of the integral presented Typical kinetic data are shown in Figure 2, a plot of [kt
in ref 26. In the present experimeniyy is 0.1-0.25; thus s injector position for loss of Nifonto the reactor wall only
the maximum uptake rates are-126% less than the gas-kinetic  (rjangles) and for the loss of Nybnto particles composed of
rates given by eq 6 for a unit uptake probabilify € 1). 52 and 22 wt % HSQy (circles and squares, respectively). Figure

Effect of NH3 Uptake on Sulfuric Acid Particles. We 2a shows the data on a linear plot along with lines from least-
assume that the particle size was not significantly qltered by squares fits of the data to eq 4. Figure 2b shows the same data
the uptake of N for the low levels of NH employed in the  potted on a logarithmic scale with the backgrowrslibtracted
uptake experiments (1.5 to 3 ppbv). This is backed up by from the data. It is apparent from these plots that the loss of
measurements of the particle size distributions before and afternp, is characteristic of a first-order process.
exposure to-2 ppbv NH where it was found that the measured  1pg exiraction of the Nkimass accommodation coefficient
particle size distribution did not change. . afrom the measurements is as follo¥sThe first-order loss
_ A typlcal_value for the f|nz_al ammomum-to-sglfurlc acidratio ot coefficienk, (cm™2) was obtained from the slope of a plot
in the particles can be estimated by assuming all the BH ;4 a5 Figure 2b or from eq 4 using a weighted least-squares

taken up by the particles. Fof, = 10° cm %, rp = 0.050um, fitting procedure. Multiplying this value by the average flow

In ¢ = 0.3, and 40 wt % sulfuric acid particles, the numb?r of Velocity results in a plug-flow first-order loss rate coefficient

H2§3O4 m_o_lecules in the particles per un(!t vol_usme\m X 1_01 (s kpig The measured first-order loss rate coefficient that is
cm™3. Initial [NH] is generally 4x 101 cm?, so the final  4,6'to yptake onto particlelsy, is calculated fronkoug and the

NHz—H2SQ, ratio is typically~0.1. See Appendix A for results 4 corved wall loss rate coefficietit, (typically 0.15 s?)
from measurements with high levels of Mpresent where this according to eq 9:

ratio was~1.

NH3 that is taken up diffuses throughout these small particles kD
very rapidly. An approximate time scale for diffusion of a K = (Kyiug — Ka) X 1.61x (1+ g) (9)
species with diffusion coefficierd, in a particle of radius is Vave
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This equation takes into account the laminar flow velocity profile
and gas-phase diffusion within the cylindrical reactet® The

last factor in eq 9 can be attributed to axial diffusion within the
flow reactof® and is a maximum of 2% for the results presented

here. The accuracy of eq 9, determined by comparison to the

Brown calculatior?’ is better than 1.5% over the range of
conditions of the present work. Division kf, by the first-order
collision rate of NH with particlesk. yields a value for the
extracted reaction probability,ex. The diffusion resistance is
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then taken into account according to the equations presentec

above resulting iry, the measured reaction probability

k11

kY (10)

—A(r)

yex

As mentioned above, this latter correction amounts to2%%
whenyeyis close to unity. Here, because there is no significant
desorption of NH from the particles (as discussed above the
saturated pNklover ammonium bisulfate solutions s0.01
ppb\2Y), the observegt is taken to be the mass accommaodation
coefficienta.

1.4
1.2
[ir} 0.0
1.0 2
w=1 (o]
o

08 1
%06

04 ® T=2936K

e o 287-202K
0.2 - - W Boston College/Aerodyne [12,43]
L 290 K prediction [12]
0.0 -
0 10 20 30 40 50 60 70
wt. % H,SO,

Figure 3. The measured mass accommodation coefficients fog NH
plotted versus bSO, content. Filled symbols are results from measure-
ments near room temperature (293 to 296.5 K) and open symbols are
from experiments at temperatures between 287 and 292 K. Previous
data at 20, 40, 55, and 70 wt % are from Swartz é€ and that for

As opposed to the rate of loss on the particles, gas-phase~4 wt % is that of Shi et & The dashed curve is a prediction far

diffusion is the controlling factor for the loss of NHnto the
reactor walls. The first-order wall loss rate coefficiek;, in

a cylindrical flow reactor for a species that is efficiently lost
on the wall in the absence of particles is given by Bg&?
where D is the diffusion coefficient andh is the reactor
diameter?’28 The average of the first-order wall loss rate
coefficientsk, (equal to the experiment#}, in the absence of
particles timesV,,e measured at 296 K was 0.15swhich
results in aD¢ of 0.275 cnd/s at pN = 610 Torr or a value of
0.220 @7%) atm cm s~ for the pressure-independent diffusion
coefficient for NH; in N». This value compares favorably with
previously reported values foDp of 0.241 atm crifs at 293
K**and, for NH in air, of 0.227 and 0.234 atm &s at 293
and 298 K, respectivel§p

deduced from the measurements reported by Swartz Btfaf. a
temperature of 290 K.

employed over the entire range 0b$0, content). The main
point of Figure 3 is to show the lack of any variationcofvith
acid content with an uncertainty dictated by the precision
uncertainties. Measurements taken at temperatures ef2Z885

K are presented as filled circles while measurements at-287
292 K are presented as open circles.

The most recent measurementsodf*3 are shown as filled
squares along with a curved line from an equation presented
by Swartz et al? that was deduced from their measurements
of a as a function of acid content and temperature. While good
agreement is exhibited for the more concentrated solutions, it
is apparent that there is serious disagreement between these two

The uncertainty in the measured mass accommodationsets of data for acid contents 40 wt % HSO,. Earlier

coefficients is typically+=20—25% (combined precision and

researchefs! report the efficiency of Niluptake from 0.1 to

accuracy). Precision errors are due to uncertainties in the 1 over a wide range of sulfuric acid contents. As pointed out

measured loss rate coefficiest§—15%) and surface area{—
9%). The uncertainty itky, is mainly due to the determination
of k; to £5% which results in at7—15% uncertainty in the
quantity koug — kw. Uncertainties inVaye £3%, and in eq 9,
1.5%, and eq 1Q£2%, are minor sources of error. The surface

by Swartz et al'? these early measurements were probably
affected by a relatively high Nfcontent of the particles. The
rate of uptake of NH in these experiments was generally
inferred from the extent of neutralization of the$0, particles

and this was carried out to an overall ammonia content that

area uncertainty is due to the uncertainty in the size of the corresponded to NHHSO, or higher. Therefore, those uptake

distribution @2.5% in D, is £5% in SA) and the random
uncertainty inN, due to the uncertainty in the dilution factors
(5% for measurements with the 3760 ahd% for those with

efficiencies probably do not correspond to the valuexdbr
uptake onto nearly NHfree sulfuric acid solutions.

the 3020). In addition, an uncertainty was included that scales Discussion
linearly with the calculated increase in the size of particles, eq  There is a substantial discrepancy between the dependence

11, i.e., swelling of the particles when the flow reactor was
cooled to a temperature lower than that of the DMA. The latter
uncertainty was assigned a value 610% for a factor of 2

swelling based on a potential 0.2 K temperature uncertainty.

Finally, we add in an additional accuracy uncertaintytdf0%
to account for uncertainties in determining the absdNgteT his
was determined by comparing thé, reported by the two

of ann, On acid-content reported here and that reported by
Swartz et ak? The average of the present data for sulfuric acid
content of 40 wt % and greater is 0.98(.05, 95% confidence
level) and that for SOy content< 40 wt % is 1.04 £0.04).

The total uncertainty can be obtained by adding the systematic
uncertainty inNp of +£10% yieldingown, = 0.98 + 0.15 and
1.04+ 0.14 for 40-65 and 15-40 wt % HSO,, respectively.

counters that were sampling the same flow of aerosol. They The agreement with the Swartz et al. data feSB, content>

generally agreed to withig:5% but sometimes this comparison
resulted in discrepancies of 10%.

40 wt % is good but for the dilute solutions at high 46Mit is
not. Their data suggest thatshould decrease markedly when

Figure 3 is a plot of the measured mass accommodationthe SO, content is less than 40 wt %. If our measurements

coefficients versus 80Oy content. The error bars in this plot
do not contain the accuracy error £f10% in N, because this

are an accurate representation of the mass accommodation
process for NH onto dilute BSO, solutions then this disagree-

uncertainty is not dependent on acid content (both counters werement has several, significant ramifications.
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For one, the neutralization rate of dilute sulfuric acid particles reported values foropnc of 0.8 (£0.2) and 1.0 £0.5),
in the atmosphere can be up to 5 times faster than the Swartzrespectively. After that study was published, the BCA col-

et all? data suggests. The gas-phase;iss rates accompany-

laboration published a reinvestigation of HCI uptake onto

ing this process can be much faster than the low values reportedsulfuric acid (Robinson et &P). They reported additional

for a would suggest. This will impact most our understanding
of the formation and growth of smala(< 100 nm) particles

measurements afc that bolster their earlier measurements,
suggesting thatiyc for these conditions indeed has a value of

and thus how these particles might influence chemical and 0.2 + 0.05. The source of this clearly important discrepancy
climate processes. Furthermore, very small particles (a few was not investigated in either of these articles.

nanometers in diameter) containing3®0, will be stabilized
more efficiently than the Swartz et &ldata suggests. Assuming
that onw, measured on 100 nm droplets applies 615 nm

A recent study on the growth of HNGH-O liquid droplets
at 278 K in an expansion chamBéshowed that droplet growth
was consistent with values of unity for baity,o and oo, at

sized sulfuric acid droplets, the stabilization and growth of these 100% relative humidity (i.e., appropriate for liquid water). The

small particles by addition of Nfwill be rapid no matter what

their composition. Note that a rapid neutralization of concen-

trated sulfuric acid particles (i.e., a relative humidity~e£0%)

BCA collaboratiod?3*38report measurements afino, andoy,o
for uptake onto pure water at temperatures near 278 K. Their
values are~0.16 and 0.2 (with reported uncertainties of

is consistent with kinetic considerations applied to the observa- ~ +20%) for HNQ; and HO, respectively. Rudolf et & . more

tion? of very small NB—H,SO, clusters €1 nm diameter). At
the low levels of NH [200 pptv] and short interactions times

confidently state thatyno, is Unity at relative humidities of 60
and 70% at 278 K; their data are inconsistent with a value for

(~4 s) employed in that study, these small clusters could not ay o, as low as even 0.3 for uptake onto dilute H\N&ueous

have been observed unless Niptake was efficient.

Second, the discrepancy in thgn, shown here highlights a
potential problem in the analysis of the results of droplet train
experiments operated at high gbl Swartz et al? presented
measurements of the uptake of péhto sulfuric acid particles

solutions. In the BCA view of incorporation of a gas molecule
into a bulk liquid33*the mass accommodation coefficient does
not depend on k80O, content (up to~40 wt %) for the uptake

of HNO3z and HCI. If a is also independent of HN§ontent,

a reasonable assumption, then a substantive discrepancy exists

over a wide range of conditions and used the results to provide here also.

additional validation of their treatment of gas-phase diffugfon.
If the physical interaction we purport to study (i.e., mass

Molecular dynamics simulations of the interaction of ethanol
with a water surface and the bulk liquid show no significant

accommodation) pertains to their experimental conditions, then barrier for entry of an ethanol molecule into the bulk wéfet?
some aspect of their analytical approach might be flawed. This Wilson and Pohorill&® further state that their simulations show
may have quite far-reaching implications as it calls into question that the mass accommodation coefficient is 0.98. The BCA
the reported accuracy of the mass accommodation coefficientcollaboration report measurements that indicate thator
measured under these conditions (i.e., measurements near roonethanol on pure water is0.0441

temperature involving dilute aqueous solutions).

With the exception of the Nktesults, the discrepancies noted

It should be mentioned that the droplet train technique has above involve the comparison of results from chemical or
been successfully used to study and understand a wide varietyphysical systems that may be quite different. Further consid-
of atmospheric heterogeneous processes. The discrepancy irration of these differences might lead to the alleviation of some
ank, reported here indicates that, if there is a problem with the of the discrepancies. The presently noted discrepanayin
droplet train results, it arises for results only from experiments is more troubling, however, because the two different experi-

conducted at relatively high # partial pressures. For the
typical particle size in the droplet train apparatus, a high@H
gives a relatively low Knudsen number0.1, while the lower
pH-O over concentrated 430, solutions giveK, ~ 1, close

to the experimentaK, of 2-to-3 of this work, which does not
depend on pkD. If the discrepancy reported here is due to an
error in their results, it is in the interpretation of their data at
low Knudsen number and/or high p8.

mental techniques investigated similar chemical interactions. Yet
a common element in all the discrepancies is that the results
from the droplet train apparatus were derived from experiments
conducted at relatively high p® (low K,). If the discrepancy

in o, IS traced to the droplet train results, a reevaluation of
the droplet train experimental results for other chemical systems
at high pHO should also be considered.

There are a few potential sources for the discrepancyif

There are a few measurements of the mass accommodatiorthat might be significant. Swartz et al. exposed sulfuric acid
coefficient for other species that are not in accord with those particles to NH at levels that were about 1000 times the j{iH

presented by Davidovits, Kolb, and Worsnop of the Boston
College-Aerodyne Inc. (BCA) collaboration. These come from
studies of the interactions of the strong acids HCI and HNO

of the present study. This would lead to fluxes of ammonia that
were 1000 times greater than those of the present study. In a
companion papét BCA presented a numerical calculation of

with agueous surfaces. These types of interactions are expectediffusion within the liquid that shows the NHluxes they used

to be strong and their incorporation into the bulk of a liquid
would be facile. The BCA analysis of their results from
experiments performed near room temperature suggestithat
is ~0.05-0.1 for both HCI and HN@uptake onto water and/
or dilute sulfuric acid solution® 34 As the temperature is
decreased to 273 Ky increases te~0.2. These values far
are remarkably low and indicate that the interactions of HCI
and HNQ with aqueous surfaces are not facile near room
temperature.

However, a different measurement effor HCI suggests
otherwise. Hanson and Lovejymeasured the reaction prob-
abilities of HCI onto 26 and 34 wt % 450, at ~274 K and

should not affect the measurementafu,. Nonetheless, the
widely different NH; fluxes in the two experiments might play
some role in the discrepancy. This difference between the
experiments is specific to the NHsulfuric acid system. The
next two potential difficulties are specific to measurements that
are performed at high pio.

A potential impediment to uptake is the existence of a net
flux of H,O vapor away from the droplet. Although a netH
flux was considered in ref 29c, it does not seem to have been
fully explored for the droplet train apparatus. There are
temperature gradients near the surface of the liquid in the droplet
train experiment® apparently it is common that the interior
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of a droplet is slightly warmer than its surface. Rates of diffusion
can be significantly impeded even for slight temperature
imbalances: a 0.2 K deviation would lead to a net flux gOH
from the surface that is equivalent to 1% of the gross flux of
H.O. See Appendix B for an estimate of the effect on the uptake
of an absorbent if there is a significant flux of water vapor from
(or onto) the droplet surface.

Gas-Phase Diffusion ConsiderationsAs mentioned above,
the K, in the present experiments is 2 to 3 and is nearly
independent of pkD. Therefore, the diffusion correction (eqs
7,8) is nearly independent of pB. K, for the experiments of
Swartz et al. is in this range for experiments at low, Pt
however; it can take a maximum value of onh).3 when pHO
is ~10 Torr, i.e., for the most dilute sulfuric acid solution they
studied. Therefore, the effects of gas-phase diffusion have an
H.SOs-content dependency via the Knudsen number dependenc
in their experiment. A changing rate of diffusion with g
that is not fully taken into account is a potential candidate for
the discrepancy in the NHesults.

There is a large base of empirical evidence that corroborates
the treatment of diffusion in the droplet train appar&figet
this corroboration lacks independent verification. It can therefore
be argued that gas-phase diffusion to a droplet train is not yet
well understood. Furthermore, because the correction due to
diffusion can have considerable leverage on the value of the
extracted uptake coefficient (e.g., whi€pis <1 in eq 7), very
high uncertainties can be introduced when gas-phase diffusion
significantly limits the measured uptake. Their analysis of
diffusion leads to relatively small corrections to the measured
loss rates even at high p8. The relatively small corrections
led them also to assign relatively small uncertainties. However
if the correction for diffusion were to be increased, the
uncertainty of the resulting would also increase. Therefore, a
second effect of a potential underestimate of the effects of
diffusion is an assignment of an uncertainty that is too low.
This might also contribute to the discrepancyrig, noted here.

For the droplet train results, an alternative analytical procedure
can provide a measure of the uncertainty in the rates of diffusion
to a droplet train. For example, the use of the real droplet size
in the diffusion expression (eq 7) rather than an effective droplet
size might yield a representative range of the uncertainty. This
exercise for their results for 4@, at 274 K% results in a value
for a of 0.5 for a droplet size of 15@m, whereas the value
reported was-0.2. Note that the [Py for H,O; in H,O and in
Ar reported in ref 29a are not in accord with the Chapman-
Enskog proceduPé using suitable molecular parameters. They
take values 0f-0.11 atm cr¥'s at 274 K as opposed to the 274
K values in ref 29a of~0.21 atm cr¥s. The variation in
extractedo. from their reported value of 0.2 to the alternate
calculation of 0.5 might be an indication of the precision of the
measurement technique under these conditions.

Recently, a fluid dynamics simulatithhas been published
that provides a basis for evaluating diffusion in the droplet train
apparatus. Their results indicate that the BCA method for
treating their data, although qualitatively correct, can result in
an uncertain value for the mass accommodation coefficient.
Their most significant finding is that the BCA treatment resulted
in a value foro. (0.35) that is substantially lower than what
was used as an input in the model £ 1). When the droplets
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while the loss is actually due to uptake on the surface which is
proportional to the quantityns where ng is the absorbent
concentration at the surface of the droplet. To obtain the true
uptake coefficieny (or o) from the measured valye,, a value

for ndnave Must be accurately calculated. Morita and co-workers
showed that the current treatment does not give an accurate value
for this ratio and thus the resultingis not quantitatively correct

at low K. They also found that the calculation of the diffusion
correction using the actual droplet diameter in eq 7 is not
quantitatively correct.

Conclusions

The present measurements show that the mass accommoda-
tion coefficient of NH onto sulfuric acid droplets is essentially
unity for a wide range of compositions. The average value for
onH, Over the entire range of conditions examined here is 1.01-

y(ﬂ:0.14). This is in accord with expectations when considering

the uptake of a strong base by an acid solution. It is not in
accord with recently reported results using a droplet train
apparatus.

The successful use of the droplet train apparatus in the study
of heterogeneous chemistry is an impressive technological
achievement. There are many important results and discoveries
that have been made using this technique. A number of different
groups have adopted it for use in the study of atmospheric
heterogeneous chemistry, e.g., refs 30,31. However, the currently
accepted procedure of calculating the mass accommodation
coefficient from results obtained with the droplet train apparatus
might have to be revised at high pBl. It is reasonable to
suppose that the influence of gas-phase diffusion in a droplet
train apparatus could be better understood. If there is a net
evaporation of water vapor from the droplets this might also
significantly impede the rate of uptake. We believe this
improved treatment and consideration of other effects might lead
to an increase in the uncertainty of the extracteas well.

If significant revision of the droplet train data at high M
is necessary, it might lead to the result that the data is consistent
with ana equal to unity for many molecules. We have shown
in this work that this might be the case fagw,; results from
similar experiments on HCI suggest that this might also be the
case forapc.3® Indeed, it might lead to the general result that
many mass accommodation coefficients are not dependent on
temperature. The truth of this speculation awaits further
independent experimental study of the chemical systems that
BCA has reported on. Furthermore, if these assertions hold up
under scrutiny, the quasi-nucleation model dodeveloped by
BCA“ may not have a wide scope of applicability.
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Appendices

Appendix A. Considerations in Determining the Size
Distributions. The H,SO, content of an HSO,;—H0 solution
is determined by temperature and the measured water partial

are closely spaced, the concentration of the absorbent at theyressuré?24 This is the composition a particle will attain if it
droplet surface is less than that calculated by considering thejs of sufficient size so as to not be affected by the Kelvin effect

rate of diffusion to a single, isolated droplet (e.g., eq 7).

The experimentally measured loss rate is proportional to the
quantityyeae Wherenais the average absorbent concentration

(certainly true here). The flow reactor conditions were not
always precisely met by the conditions in the DMA, thus the
particle distribution in the flow reactor was at times different
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30000 The aerosol particles used in the experiments were not
monodispersed, thus evaluating the amount of doubly charged
particles in the measured distribution is not straightforward. For
number densities of particles on the order of ¢63, the type

of 8Kr charger used here does not bring the charge distribution
of the patrticles to the equilibrium charge distribution, even when
it is fresh#8 The85Kr charger used in the experiments here was
~15 years old and thus its strength is likely to be much less
than the original 2 mCi. Therefore, the amount of double-
charging here will be much less than is given by the equilibrium
Boltzman distribution. For a significant fraction of the experi-
ments, the particles were small enoudh, (< 90 nm) and
numerous enough~(10° cm~3) that double charging of particles
was negligible. This is seen in Figure Al that shows measure-
ments of typical distributions that are well described by log-
diameter (nm) normal distributions.

Figure Al. Three size distributions are shown fop$0, particles The amount of double charging that a particle obtains depends

that were exposed to varying amounts olHin the sheath flow for strongly on its size. An experiment was performed where the
the DMA. Squares are conditions such that the particles were compose | ticle size in th&Kr ch . d b

of 74 wt % HSQ,, circles are for conditions in the DMA sheath flow aerqsq .par 'C_e Size In re qrger was '|ncrease y
that matched those of the aerosol in flow (56 wt %8), and triangles  humidifying this flow so that the particles contained8 wt %

are for conditions such that the particles were composed of 40 wt. % H2SCs. This was accomplished by passing the aerosol through
H,SO,. The fitted log-normal distributions are shown as the curves for a conditioner that contained a bulk 18 wt %30, solution
each case. The particles swelled as expected (surface area was withijyhile holding the DMA sheath relative humidity at10%. The

5%) according to eq 10. measured distributions with and without the conditioner (par-
from that measured with the DMA. The,BO, content of the ticles contained~70 or ~18 wt % HSO, in the charger and

particles in the flow reactor was varied by changing@Hfrom _thu_s h_ade of ~80 and N1.40 _nm) wc_are_nearly identical,
3 to 15 Torr) at a constant temperature or by changing indicating that double charging is not significant.
temperature (from 296 to 287 K) at a constant;PHIn the The humidified sheath flow for the DMA was checked for
former method, the relative humidity in the DMA was changed NHs by introducing it into the ionization region where it was
along with that in the flow reactor, thus the size distribution found that pNH was negligibly low. However, high levels {2
measured with the DMA was very close to that present in the 20 ppbv) of an amine with formulagdl;sN were observed. This
flow reactor. In the latter method the DMA was not cooled along Was traced to the HEPA filter on the exit of the water source.
with the reactor, thus the particles lost a significant amount of Measured particle distributions without the filter were no
H,O during their transit from the cooled flow reactor to the different than those with the filter inline (except for a back-
warm DMA. For both methods, the particle size distribution ground count rate on the monodisperse outlet-626 Hz due
present in the flow reactor was calculated from the measuredto particles produced in the humidifier).
distribution, temperatures, and gl according to the thermo- Effect of NH When NH Is Comparable to KBSQ,. In one
dynamics of HSO;—H,0 solutions?}?44"Thus the surface area  set of measurements, [NHwas raised to~12 ppbv and the
density in the flow reactor, SAis related to that given by the  observed particle size distribution was observed to shrbk:
DMA, SApua Via decreased by about 7%. Also, the width of the distribution
increased, indicating that the large particles did not shrink as
SA | [ 1r V2 [[H:SOdpwaroma|?? 1 much as the small particles did. This amount of (8.3 x
SAowa] - [H,SOJ; o5 (11) 10 cm3) is comparable to the amount of,80, that was
present in the particles (157 10 cm~3), thus some portion of
where px indicates the density of 4$Qy/H,0 solutiond” in the particles may have approached the composition of am-
region X. This procedure resulted in ratios for @¥\oua that monium bisulfate (NFHSQy). At this relative humidity, 35%,
were generally close to unity (within 5%) for the measurements a decrease in diameter 6f13% for a HSO,—HO particle is
where pHO was varied and the flow reactor was at 294 K or expected upon absorption of one dkolecule for every b
higher. This ratio was in the range 1.2 for the measurements SO molecule. This size change was based on a constant amount
where the flow reactor was cooled to temperatures of 295 to of H,SQ; in the particle and assuming the particle remains liquid
292 K. This ratio ranged as high as a factor of 2.3 when the (35% RH is well above the efflorescence point, the RH below
flow reactor was cooled to 287 K. Fried etZlreport on which crystallization occurs, 22%) along with the densities
experiments that confirm the swelling of particles according to and water activities of NgHSO,—H,0* and HSO;—H,0?%:2447
eq 11. Shown in Figure Al are distributions of particles with solutions. The kinetic data for Nf-uptake in this experiment
different amounts of water vapor added to the sheath flow of resulted in an uptake coefficient that wa§.5—a value much
the DMA such that the particles contained 74, 56, and 40 wt % smaller than that for measurements whenzN¥4s low.
H>SOs. The increase in the size distribution is matched well by Appendix B. Flux of Water Vapor from the Surface. A
that predicted (predicted surface area from eq 11 is within 5% rough estimate of the fludar,,,, of the absorbing molecule that

of the observed surface area increase). Finally, the resultingis carried from the surface due to a net flux of water vapor
reaction probabilities did not depend on which method was used. from the surfaceAFy,0 can be calculated by

Sizing an aerosol particle with a differential mobility analyzer
is a technique that is generally accepted as quite accuxétg ( AE
~ 2%). Special considerations arise in the application of this
technique in the present experiment.
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wherens is the number density of the absorbing molecule near e
the droplet surfacé/arn,0 andny are the net velocity and total :
number density of the carrier gasH,O vapor, evaluated near

the surface of the droplet. As an example, we will assume a

0.25% net flux from a droplet at 292 K, which yields a flux of

water vapor away from the droplets &fFy,0 = 2 x 101°

molecule cm? s71. Due to gas-phase diffusioms near the

surface is less than that far from the surfatg,let us assume

ns = 0.75 x n.. This small concentration gradient is the

expected one if there is a relatively small correctiorB8%)

for diffusion (i.e., this gradient is in accord with the BCA

treatment of diffusion at high pi®). Withny = 8 x 107 cm™3,

the magnitude of the flux given by eq 12 is 20(cmiS)N..

The flux of absorbent molecules toward the droplet surface '
due to diffusion is given by Fick’s lawlii(a) = —DgVNn(r)|i=a-

With n(r) = n, — (nw — ns)(alr),> the gradient evaluated at \ 5 cmfs
the surfacevn(r)|=a = (Nw — Ng)/a. ForDg = 7 cn?/s which is )

appropriate for NH diffusion at a total pressure of22 Torr 4em/fs
(of which pHO = 16 Torr) we get thadg(a) = — Dg(Ne — P
ne)/a = —7(cn/s) x 0.25,/0.0100 cm= —175 (cm/S)x Ne. e

For this example then, the overall flux is reduced from the
unimpeded diffusive flux by 11%.

The flux of HO moleculesAF,0 used in this example
requires a heat transport from the interior of the droplet to its
surface 0f~0.0015 J/s, which is at the low end of the range of
fluxes calculated in Worsnop et & Furthermore, thig\Fu,0
emanating from droplets @& = 100 um that are spaced apart
by 1500um in a 10 cm length leads to a net flow of water
vapor of 0.06 STP cfns™1. This is only about 1% of the total
flow in the droplet train apparatus and it is possible that this
amount of flow exiting the droplet train apparatus through the
droplet entrance or exit is not easily noticed. It is also possible
that a portion of this excess,B flow can recondense on
droplets that are slightly cooler and are outside the region where
the kinetics are measured. If this occurs to a significant extent, |
then a larger\Fy,0 could be supported and the impediment to
the uptake of the absorbent would be even greater than for the 287.01 K
example quoted above. This flux also leads to an amount of
water lost (in a droplet transit time of 0.01 s) of about 200
monolayers which is equivalent to a negligible change in the
radius of the droplet (0.06m). SEERRER

The flux from eq 12 does not include any absorbent molecules /
on the surface that might be carried off during the evaporation -
process. This might be especially important for molecules that
have a large surface excess Gibbs free energy (i.e., a much large. S
mixing ratio in the surface layer than in the bulk). Figure A2. Results from computation fluid dynamics simulation of

. . . _ the flow reactor with the wall held at 287 K and the incoming gas at
The flux AFy,0 might also cause gradients in the concentra 295 K. Radial cross sections near the middle of the reactor are shown

tion of CH‘"_ WhiCh is present as a tracer and as_sumed to be for (a) the axial flow velocity for 0.5 to 6 cm/s by 0.5 cm/s, and (b)
uniformly distributed throughout the reactor. This may then temperature from 287.01 to 287 K with 0.001 K intervals.
cause an error in the loss rate measurement of the absorbent as

it is normalized to the loss for CiNote that in the transverse  \which will decrease the impact of this effect. Although it is not
droplet train apparatus there was a net loss of @bbn droplet entirely clear from the discussion in Worsnop e€édit appears
switching when the flow tube pressure was supposed to perfectlythat they believe there is a net evaporation rather than a net
balanced?® It is not clear what that observation implies for  condensation in their experiments.
Jar,,, NOr what it means for the pressure balance in the  Finally, we show that this effect plays no role in the present
primary setup of the experiment where the droplet train is experiments. The aerosol particles are slightly cooled as they
aligned along the central axis of the cylindrical flow tube. flow through the reaction region (see below). A cooling of
It is important to understand this effect for making a proper ~0.04 K occurs in abdu5 s and a further cooling of 0.01 K
estimate of its impact on the results. Its magnitude and sign areoccurs in the las5 s oftransit through the reaction region. For
likely to depend in a complicated manner on droplet size, the the most dilute particles presented here, the composition changed
difference between the initial and final temperatures of the from 15.4 to 15.0 wt % KSO, as the temperature was cooled
liquid, and pHO. In addition, the rates of diffusion are very from 287.05 to 287.0 K. This is a change in volume~d1.7%
important in this context. For example, using the results of and in radius 0f~0.9% which is a change of 0.9 nm far=
Morita et al.#? ns is likely to be much less than 0.7% n, 100 nm. The net kD flux, averaged over 10 s, is thenx3

1cmis
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10" molecule cm? s~ and along withnr = 2 x 10'° cm3,
eq 12 gives an absorbent flux that4sl0™> x ns, which is
completely negligible.

Appendix C. Computational Fluid Dynamics of the
Aerosol Flow Reactor.The flow in the reactor was numerically
modeled using the Fluent fluid dynamics pack&y&he flow
reactor was 120 cm long vhita 5 cminner diameter and the

main gas inlet (a tube 10 cm long with a 0.4 cm i.d.) was aligned

radially to the flow tube. There were approximatelyx51C®

volume elements. The calculation showed that the axial velocity Li

V, profile was that expected of laminav(r) = 2Va,{1 — (r/
a)2 whereVyeis the average velocity aralis the reactor radius)

to better than 8% over the entire length of the reaction region

(the lower half of the flow reactor).
Calculations of the flow profile were also performed with

the incoming gas at a temperature of 295 K interacting with
the wall at a temperature of 287 K. A cross section of the flow

reactor is shown in Figure A2 where the axial flow velocity (a)
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better than 0.01 K over most of the measurement region, the Zahniser, M. S.; Kolb, C. EJ. Phys. Chem1991, 95, 1684.

calculation of the surface area due to swelling (eq 11) gives
the actual surface area of the particles to better than 1%. This
uncertainty is negligible compared to the uncertainty (up to 10%)

(35) Robinson, G.; Worsnop, D. R.; Jayne, J. R.; Kolb, C. E.; Swartz,
E.; Davidovits, P.J. Geophys. Red4.998 103 25371.

(36) Hanson, D. R.; Lovejoy, E. RI. Phys. Chem1996 100, 6397.

(37) Rudolf, R.; Vrtala, A.; Kulmala, M.; Vesala, T.; Viisanen, Y.;

that was included in the data analysis due to the application of Wagner, P. EJ. Aerosol Sci2001, 32, 913.

eq 11 and a relative temperature uncertainty of 0.2 K.
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